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Energy Density 
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Bean Pipe in Soil 
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I. -ON 

'Ibe~esent~l~is~easilydescribedas anextension 
of anearlier similar effort: lb extensicmis nainlytohi&er energies 
but it also includes cdlidzing beam simlaticms as well as mm 
praiuctim 2nd trzmqort.. lhere is also a larger variety of gxfnetries 
presented. E?ut the pupae rwajns the.same:toprovideacollecticmof 
grapbwhichmay serve as a rough guide inshieldingapplicatims. L?e- 
taileddesignssel&a~ resmble the ide2.lized cases analyzedhereaml 
deservespecificccq.&atimwith pest;icular att.entimtoanyswpect.& 
weakqmts.Thegra#sincldedhereare int4dedtogonofurtherthan 
t.afcamausefulstartirgpointin designwczk.Suchanapprce&isal- 
redyquit.eeffectiveatlTeVdbelow andwillbecaneevenmresoat 
higherenergies~eshieldingcc&sarewenlarger. 

The cbice of standad energies 6, 10 and 20 Tev> reflects 
therallgeof col.lider energies presently cmt.eI@ated alldallmsfar 
wdestextra@atimout8idethis range. Forfixedt.zcrgetresultsupt~~ 
1TeVrefs.land2maybecawulted.Asinrefs.lard2,aJlresultein 
thisvolum bxceptthxepertainingto"nunbeam") usethebkmteCarl0 
ccdeCtSlM?Wbre Phiuced al-c sbvers areincludedas. 
e.g.,inmupnFoPchact;icn~in~depositicn,theyaresimilatedxith 
theAM;Is'cale. Redictiamof CASIU (plusA@XSwheue applicable) for 
tzgetheating,iducedradioactivity and aborbed &eeinthesubTeV 
regim wee quite well with elprkent! Likwise CASIbl results capre 
wellwithasetofaborbed&se measur~tstakenarteidethidcshields 
fur avarietyof beam ices 24dshieldhggeumetries~ Ihe full extmsim 
of CASIM into the m&i-TeV demain requires cmsiderable mdificaticm to 
both particle prductim axi perticle trampmt rmdels. This extmsicmis 
presentlydypiztlycuqleted. 
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Particleproducti~ incAsI! for the fixedtarget Qarti- 
cle-nucleus> case is still described bytheHagedom-Ranftrmiel'plus a 
highp,c~~t~al~energyrmcleanc~~t?'Ihis~elcanpares 
wellwitll vinthesub-TeV range?Nosuchccqarismsexistfor 
the extended 0lTeW model but at least no grossly unphysical features 
sewto appear. Sane trends are mrth noting: (i>theaveragef& 
charged particle mltiplicity increases too slowly with energy, e.g., for 
copper it rises frao 13 at 1 TeV to atxmt 17 at 40 TeV. Fran CERN 
C&l.ider results a larger nultiplicity is to be expect&; (2) the 
xamalizatimof the Hagedom-F&nft productian cross secticmsbeccmes 
sawwhat~atthehigherenergies.InCASlMleadingparticle 

spectraareaanrralizedtoatotal QfewCtlytX0suchparticlesandpi~ 
specbaarenomalizedtowfarce overalleueqycxnsemat.i~.~f~ 
torsstaywithinl~of mity in the 3tolOCOGeVrange.?kmeverthe 
laading particle -' tiax factar clhiw to 1.17 at 40 TeVwhile far 
piam it falls ta 0.46 (using again caper as an example). 

This &es notmean that the typical shieldingcalculaticm 
isinvdidatedbytbesedefecte. such calculatials llsu2Xy mm war many 
generatiamandthe mechanism of energy cumrvaticm Cbuiltintothe 
ucdel) enmress5mseU~ectim fcurreascnablymmlldeviatimsfrun 
reality. For sxauple, by u&re&imting ite mltiplicity, a tits-Carlo 
interacticmat40 TeVneceasarily producesparticlesuithhi+er average 

energy.wbicbintumproducemreparticlesint&ene&g8neratimtban 
wouldbeth case if the coerectnultiplicitywere~edicted. Itskuld 
almbe6qhsizedthatthese deficiencies of theucdelarelimitedto 
thsk@estenenkisg~henceaffsct allytAefirstfewgeneratia4s.In 
fact,predictiamofCASlYmstardensitieaandtuoadbearnenergqde.pos- 
itimintheTeV&uai.n v well" withresultaofothercodeswhich 
anployprabctialntxlelsofmxe recent.viutege.Al.so,whilean+-oved 
particle pxductim mdel is clearly desirable, sam care mst bs tahn 
initafonwlatimto assure w with eqwhrmtatthehighest 
availableem3rgieswhilentaintainingthe~edicti~pcwerofCASlMin~ 
sub-TeV&main.?hismi@tbe beet umhrt&w den mre detailed results 
ofthe~Collidexz4FmnilabTevatrmareavailable. 
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Hadra~ ~oducticm by colliding bearm is described by an 
empiricaltilbasedurxtlycmFermilab data, alorgtithsame CEWCol- 
liderresults andccmstrained by ccmservatim laws. 'hismdelis out- 
1inedinSec. II.Rcqt m~lc~l ~cductim is describedbyanqirical 
fomiia'l which expresses mom a9 a fraction of pions praiuced as a 
functimof Feyman-. 'his formla is based mmchlmer energy work 
andis usedheremainlyoutof cmvenience. Nmetheless, the formladces 
feature a slm increase in uum mltiplicity with incident energy as is 
~tedfranincreasedcharmandbottcm(plus~~top)mesanprochrc- 
ticnthugh it isnotattenptedto~titatively justifythispmticular 
rate of increase. 

particle tnwport in the mlti-TeV regim differs sigeifi- 
cantlyfrunt&tatlcRee energies due totheincreasing~eof 
~~sttahluoganddiredpeir~~naaceofenergylossand 
mgulardiffusia~Thebasic affrroach and *leamtaticaint~~is 
describedelseSmare~2Resulte~~heeeiwolving~~are 
~Kiththe~~code.Redictiansafthiscodeareinexcellent 
agreepentwithdataaf Kqp et alt3 m the emrgydistzihtimofa 
12oGeVmmbeamWttA thra@ a 9.3nthickirontarget.H&-cm 
dDseandstmdensitycalculatiam areperfarmedwithasiupleexhmsicn 
aftbeoldcode~~trsatsenargyloss~to~~st;rahlrmgaadpair 
poductimm an avwsged beds and neglect8 theassociatedwgular 
diffusicn.lhi.eisjusCfiedfcr#is typeafcalcwlatimsinceailythe 
llDstenergeticperticlasareaffectsdbytbiaandsince~i~anglas 
willt0ndtobemchlargertbantheldeflectialincurredaverale 
interact;icnlm@A.~ depwitim at large radiiiscalculatedin 
similar fasbial. 

Bycaatrast. energydepmiti~calculaticms overradial 
distzmces of theaderoftypicalbeamsi2es anticipatedatthe ccJl.iders 
(aslaRas5o~rmst~ludsanac~~degcript;icaoftbaseneasGlr 
cesof~diffueicn.The reasm is that f~suchf3mallbeamthe 
radialdapadeaceof the energy density variesrapidlyoverdistmces 
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capamble to the beam size. 'his has hprtant applicaticms in the de- 
signofbeamdunp and the problem of radiatiminducedquemhingin 
spxcurhcting~e~. Calculaticms of this type are alsonvrelikely 
tote affect.edbythedetailsof theparticlepraiucticmmdel. llerefore 
theyarenotincluded inthepresentvolune. 

lhebasicC4SRdccdeisressmablywell docmen~3andtale 
recentqdate to the bum) tramp-t part is descritedelsewheref2 
Eklcw, inSectimII, theparticle mdelusedt.0 simikke collidingbeam 
interacticms is described. Sectim III deals with presentationand 
interpretati~ of resulta, while the results themselves aretriefly 
reviesredinIV.Sect;icnVccntainssaneinfarmati~cathecodesusedin 
gmpar@ thiE volm. 
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II. PARncLE ETUUXTIONINININGW 

lhe particle praiuction nxdel used in the simulation of 
colliding beam is a siuple parametiizaticm based an extrapolatim of 
lmer energy etqmimmtalresults. As isthecasefmt.heHsgedom-Ranft 
mdelused in the fixed target part, leading particles, i.e., find state 
particleswhichru3ybeidentified with the incidentparticles, are dis- 

. . tmgmhedfranparticlea newly createdinthe collision. For the pesent 
pmposeledingpmticles are always protam orneutxu4s.Elastically 
scattered<colli~~will~alwaysei~remainKithintbe 
beamorelseleavethebem spexture atl2qedhtamesfrc4ntheinter- 
actiakregi~anlarethere&ueigmred.Ihermreenergeticleadhgpar- 
ticleswilltypicallyalso remain in the beampipefor acmsidmable 
~e.~eleading~cle~i~neednotbetraatedinu~ 
detdl.aargeang.le elastics 2cd leading pertides almgwithother 
pxducedperticlesnustberemvedbysanecdlimtica~soast0 
protectthe- superwjng magnets. lXistypeofguoblfxnis 
mt cmsideredhere. It is alsopossible thatsuchacollimatar, @icu- 
lsrlyansinterceptingalarge fractim oft&eseparticleanearthei.n- 
tmacti~regi~,ppsy rqire shieldhg farpersamelcaemkamental 
Fuotadial.lhieisstralgly~althedetaileddesigllof~ 
interacti~~~amitheoafcuelllosKiseanittedhere.) 

A. Leading particles 

Leadingparticlesareditided into adiffractiveardnm- 
diffractive caqabst. Gcd.hd4wes thepersmetdzatim 

du/dl$ = .OlA/<l~) + A(l-xJ 0.9 S s I c (1) 

~etbefirsttermistbadiffract;ivepert.Toccnfarm~tbstreatment 
0fthepmducedparticlea bee held theradialscalingxm-iable,~, 
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the particle's energy in the center of mass eqressed as a fraction of 
its ntaximm kingnatically allowed value, replaces themreusual Feyrnum 
xusedbyGouli-. For the present work these shouldte completely 
interchangeable. Fran the ccherence ccnditicml' the diffractive part mst 
vanish arand~~O.9. It is therefore assumed that 

du/~=BCl~> =2A(l-> *'x&O.9 (2) 

where the sh quality follms fran ccmtinuity at s=D.Q. lhe value of 
A follm fran normalizing eqs. (1) 2nd <2> to unity. lhe behavior of 

h/%*xRapFcroaches its ldnematic limit ismtwelldes~ibedby 
eq. (l>.Not43that~caD.beexpressedas 

~=csid+;>/s (3) 

~esisthe~eafthetatal~inthacenterafIoassandMxis 
thei.mw&nt~Srecoiling against the lexiingpmtcx~Thedat.a~~at 
lmy((ld&~> skwthat Q/f+ start8 atzematM+4p+ldrand(cn 

avenge) inaeasesrelativelyrspidly thmgh aseriesofrescmances in 

$8 toauradnumwhereupca it the declinesinaccardancewitheq.(i). 
Fcaaur~n~pnpoeetheccmplicated~~~of&/cbR~threabDld 
issimlatedbyassmhgthatitrmah,v calstwlt betmen 

% o =14.6/s (4) 

(carrespcodiqgto~~.22cev)~~(~~~>.Bel~x;Ieq. Cl> 
is asd to bold. 

~pTdqxa&nceaPthele4ingpart;iclean3ssectimis 
awwedtobeoftbatype 

&W$ a -M-%3 (5). 

Fartbe~f~~pertbie8etto5(GeV/c)-'.F~tbsdiffradive 

pest b=2ba,)' where b., pertahs to elasticscatteri.ngnearthefcaward 
directicnandis~frcmthe~zationafBlockanl~!'Itis 
assumedtbatdiffractive~&mt~charge~but~ 
mm-diffrwtive~cunmrtinto neuti withaprobabilityofme 
half. nli.si.sir4rc@lacccodtitidataof~exetal?' 
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w dtiplying eqs. Cl> ax-d (2) by s and integrating 
wer the entire% rage cme obtains thelead.ingparticle center of ~lgss 
inelasticity, i.e., the fraction of the total energy carried off by lead- 
ing particles. lhis equals about 0.43 with little variaticm over the 5 tg 
2Q TeV colliding beam energies explaed here. 

B.PicmsandKacms 

AsincAslld, the leading particles'energyis.subtracted 
franthetotalenergyardtherem&xierissharedarmngtheprduced 
particles. Not every particle species is representdint& simulated 
collisiQLs.InCASIMthe~edparticlesaresiqlyt&?~eetypesof 
picos.F~~~idingbeanrr,pestlybecausetheaosss~~farrmlae 
arenuchsinplar,kaaos are included as well. IneitherschwW 
perticlegcanalwaysbeaddsdKithxlthavingtorecastthe~~emodel. 

Ibeimrariaat~sse&i~forndK~~isassu- 
medtibe 

m3a/dp3 = A(17cR)pC~)~l>l.3p-2/2@T+1.3>9 (6) 

where A and n aepand cp perticle type: A(r*>-1 and A@?>=A(r*>/Q, and 
n(r+>=3.5, n(r->=4.2, n@M!.8, nK>=5.2. Since wall angle particle 
prducti~hasmtyetb0enstdiedindetailatthe~cOll.i&rthese 
parameters are taken Csunedatloceely) franFermilabdataofA.E&zmer 
et alfe aaxi J. R. Ja et al?' ad with the Ah*> fixdbyeneqzy 
cooservatiaxThepl,parametrizationis based cmthe~kofArnisonet 
al?0withthevalu30fmb0sed cnartrapolaticnofcERN~audcOllider 
data.Farthe~eegentwcrk&.5f= r]<2 andmS.Ofar(l>7(qbeingthe 
centerofmPearapidity>admis takent0varylinearlyinbeWeeu.?he 
usualroleoftadqgther"W3 prductim crosssecticntobecnehaU 
thesunofthechargedrOcrosssectiau3isfolloued. 

'Ibis sinple ndelpredict8 a charged particle inelasticity 
of MO.77 tianrmpr is MO.67 GeWcbothwith little variation 
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over the range of 4s fran 10 to 40 TeV. lie charged particle miitiplicity 
varies fran43.9 to 48.3over this range. lIisisldcelytobe anu&xr- 
estiu0te. 

Fq. (6) as well as its counterpzte for leading particles, 
eqs. (1) and (21, pernd-t relatively siqle Mci-ke Carlo selectian schemes 
to be iqlemented. whether selecting pr~icnal to the mltiplicity or 
to the i.nelasticity. 
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III. -nON OF IiFSJJS 

A. Dose and Star Densities. 

A freqmtly used procedure cfollmed, e.g., in Ref. 1) is 
tipresentshr densities above sam?predetemhed cut-off. ?he standard 
cut-off is 0.3 GeV/c?l Uhve this value cross sections vary mly slmly 
withenqzymdthispennit.samnrhrof&ca-tcut23inthe~~~& 
couldmtbemaintainedatlower nrnmta. The~ecisevalueofthecut- 
offisscnmhat arbitrary but considerable cmveuience isderivedby 
adhering ta the 0.3 Gev/c stank-d.> l&se star densities may then be 
camrtedtodoseaswdngthe presenceof~equilibrim-tumspec- 
tmm of the participet;ing hadrcaw. Such anequilibriumspectrwn(witha 
qectrumshape insensitive to location) pwai.ls cdlyatsufficiently 
largedapthssndradi.i.At leer values ofrandzacanmsimfactm 
basedcnan~~i~~would~~~atetbedose.Inthese 
casesmemstusealccaticmdepeadent cmvexsicmfactcut 

Thispmwdure is inchdedinammhrof~pntdl 
twt8eofCASlld and yields quite satisfactory results.Itishmever 
limitedto8hieldsccnposedofsoilandcanrretef~~~tba~~- 
~rmspectrunshapeisreascnablywllestabliehsd.F~shieldsc~edof 
inmorheavier elemk6 s@icati~ of asimilarpxxdure1~22requires 
greatcautial. %lzauieof large fluctuatialsin~ crosssecticns 
asaf~ofenergyforthese elememtsandbecauseofthealxmceof 
hydrcgenitrequiresdeeprpnetratimtoestsblishanequilibrimspec- 
tam. FkMmrxre while 3n equilibrium spectmm, e.g.. in soil, may be 
expctedtobereasamblyroh&witirespcttosmallchangesinCsoiu 
carp3itionthi.s ismtnecessatily so far theheavier shields. Perhaps 
mst~ytheenpiricalbasisoftheprocedure,whichiscpite 
wellestablishedforsoilandcalcrete,isladdog. 



15 

'I& rule &opt&here is to present results intmxcs of 
&sequivalent tied for soil sxd concrete sndintmrcsof stardensi- 
ties for allothermaterials. 'lie dose is calculatedby applying a star- 
todose ccmversimfactor, tichdepends an particle type andonnkmen- 
tam, wi.thinthebkmte-Carlo. Forlowenergyneutrcms this factorisiden- 
tical to the meof Ftef. 1 therebyguaranteeing2gementwiththe above 
mentimedprocedurein regicms where low energyneutz-cmspr4aninat.e. 
closer to ths incidentteam there are additiamlly sigificsntcmtribu- 
ticms due to rOinitiatedshcmrs &due tocbargedpzticles. For ccnr 
pariscn, theresultsfora solid ccmcrete (soil> cylimierarepresented 
btll ways. 

Thelimitatimof reliable be calcul.atims tosoilor 
amaete is in pactice not a severe am. Almst all accelerator shield- 
ingreliesarsna&erlaymofsoilarrxacretefar neutmm attenuatitian. 
Amleof~isthat sba.xt lm ofcarCreeehdially~isrequiredto 
establishan~brim~. 

Iisdra4F.mdutim~ylar emrgy neutrad by elwtiro- 
~ticcascadeaismtincludediTIanyafthecalculat;ians.Canparedto 
dkectproducti~t2ri.s sm quite inefficient, but the frztioikal energy 
qentonelectrcnrrgpet;icC~47%at2OTeVinirco)incressesm7ncT 
tcmicallywitienergydthie guaranteesthateven~ythis- 
will. becam signSkant. 

&premhg &e-dent in rem (in lieu of sievertl may, 
regrettably,incawwiwcesamlalt it offers atleastsaracmtinuity 
withref.l.Shceremia still widely usedandtb cawersionis tri- 
xLal,tlm-eoeedbsmfurtbea spolw. McresericmsieaLikelyfuture 
revisiarofcplity factcas, p3icuhl.y iftbcalcUlateddos~- 
dent has uore than am sigpificant capamnt\rhichcwldmderpdis- 
s~rwieiane.F~~ly,in~applicationeadcmirYrntcanpcclgllt 
hsuallyeitbernunsarlaw energJT neutzxms>maytereadilyidentified 
andarwised&xe-eqivaLmtcanthnkmevaluated. 
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Ref. 1, ammgmanyother sources, ccmtains sanehints and 
recipes anccnverbingcalculatedresults of thetypepresentedhere into 
rmre iumdiatelyusefulnmbers. For convenience sane often encountered 
conversionfactors arereprticedherewiththe caveatthatthese arenot 
tiversallyqpedlJpzul. 

E-I- and inregims where the cascade is sufficient- 
lydevelcpedthe~~ rate xcay beestimatedfranthestarden- 
sity: 

- btark?lcurrezpldsto 350 hadMls/aIP 
a 1.5 lo-* rad 
or 9.0 lo-' rem. 

titiandin regiaw where thecascadeissufficiently 
develcpdstmdensityurayke.ccmrertedin~ ~~resultingfmm 
irducedradioactivity. Fcothe "mrstcase" of infinite irradiatimtim. 
zerocco~tilmmdalcaltact:23 

me cstar/km3*sec>l cca-refqaxb to 3 10m8 rA/hr 

Topmbcta@nst m B~thecriterim 
isalindting~entrat;icnofradioactivityindrinldngaa~.Itisthe 
prwticeat~totranslat8 this into alimithgIIlrmber0fstars 

perincidentprotcaprcduced in uncawolled soil.This,inb.~~dic- 
tatessizesxkishapeaf beamimp. Thereismmiquecawersimfact0r 
frail adioactivity CCUC~tration to stars per inci&nt m. 'Ihis * 
padscathe qectedkeamint.ensityaswel.l asthebuallypoarly 
klxMt4B3ptoftheradioacti~y~edarandtbemmptotxe 
watersa.rce.Bawd co very caxmvative arg.mntsatypica.lFemtil& 
beambmp admits 0.015 stars/incident prota~ in lmccmblled soil. i3l 
cultxasttQtlle ccnversicnfactm=sakove tbismmberis~ymeantasan 
illustratianandisnotfardirectuseindeaigQcalculaticns. 
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B. Scala. 

For hcmgamm shields of roughly the sam? atcmic canpxi- 
tion sinple scaling rulesa maybe appliedto adjust for differentdensi- 
ties. Since the basic parameters Grkeraction length, stnpping~, 
particle productim characteristics, etc.> vary cmly slowly with atanic 
mbss these scaling rules have a rather wide range of applicaticm pm-ticu- 
larlywherermgb wswers suffice. In the present shdy these rules are 
appliedover averynarrcw range viz., to interrelate calculations for 
wet soil, dry soil and cancrete. Given their similar caqositicmthe 
scalingshculdbenearlyexact. Fm cawenientaccess itappearsuseful 
torepeathereElcrmefarmulaeofRef.24upcnvrhichthsscaling(illugtra- 
tedina~mnrberofthegr*>isbased. 

Star densities scale as: 

S,‘p,$,/p,> = s$,> <p,/p,>3 0 

wheae~isthepceiti~vector within the shieldandpisthedensity. 
Ibe suhxriptaider~tifydifferer~tmaterials, e.g., c fm mete andw 
farwetsoilwith assumd densities pc*.4g/art3 dp,X2.24g/au3. In 

eq.0 itisassu& that SC is explicitly calculatedaadthatS,is 
derived by scaling, i.e., 

S"(l.cVGC> = 0.813*SC$) (8) . 

For star densityresulixpresantedinthefomof ccntcurplote the above 
~ti-shmhabottrrandz~rmstbar~~~as~ll~as 
thecmtarsaretoberelabelled. 

Dosescalesas 

DJP$,/PJ = DC &> ‘P~/P,>’ (9) , 

i.e.wit&the;ursetokerecaliku-ated asforst2udensitiesbutwiththe 
ccntarrerelabeLleddiffee~~y.stardaneitiee~~rtedoverradius 

IO =;sci,zmdr (10) 
0 
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obey the scaling rule 

Iw(PcZ,/Pw) = Ic(Zc)P/Pc) (11). 

Note that in all cases presented here (unlike eq. (11)) the upper limit 
is actually - finite radius (problem bnmdary). Use of the scaling lax 
requires thattheproblemradiusbelarge. 

The integrals of star density wer depth (z> shown inthe 
graphsreferto 

Z 
Iti> = 2xrjSG>dz (12). 

ICr> follms the saw scaling law as yCz>, &mm. in eq. (11) and with the 
wmecaveatabcut the upper limit of integraticm. lkefactor2n in 
eq. (12>, while sanewhat mcamnticmal, facilitates suksequentkkegra- 
ticmof IQ overr. 

Far hetempmma shields scaling laws are obviously less 
applicable. Yetonemayidmtify instances wherethese lawsmaybe& 
thcugbgemrallytoalesserdegree of qproximtic~. lie case of abeam 
strildngata%etinanotberwiseemptyturmellxrovidesasuitableillw- 
tratim. For example, ammay seek ta applyscakingfordifferenttunnel 
wzJlmaterialswhile keaping eve+Sng else identical.Lfthetmmel 
wall surface is tbx@taf aa a smrce of parfAclea at ccastantrbut 
widelydistrihtedinz then it is clear thatscalimgdoesaotqply in 
thez-dkectia~kmverthe kkegral aver all z ~~stil.lbescaled 
provided radial distames are mwsuredfraathetuoneld: 

I,Cp,r,/p,- ro> = (pi/p,> ICtiC- ro> (13). 

Foraca~,scalingmaybea@ied far theintegralwerrinthez+i- 
rectionpmvidedthedminant cxmtributicm enterst&wghtheta&wall 
ratherthant&al@thetAmm?lwall. cerbinproblws, tllal&in@l- 
ciple hetmcgenew~, will yield reasambly mt.e answers when tirea- 
ted a8 kaqewam fa scaling pnposea, e.g., the ma-e ermgetic nuns 
emanating franamlti-TeVvbeam loss inamgnet inside atumel 
maytraverse severalkmof soil befare stc@ngandlittle accuracywill 
LikalybelostbyBcalinganthebasisofths~soilcase. 
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Iv. RESULTS 

Acmvmienttabulatimof allresulte appears in the Table 
of Cc&eute. For eme of reference the entries inthis listingrefer t.o 
tbepage~ofthecarre~e+aph.Most,ofthegraphsarereadi- 
ly interpretedbut+ here -iate, sac caumntaryisprovidedin 
this sectim. The result.8 are divided into :Ohacir~dc~3eixid~>m0n 
~efmmfixed~tinitialinteracticns,(Ohaman~eandO~ 
dcsefrancollidingbeam initialk&eracticms,where"init;ial~i&ica~ 
thateffectsoftbacascadesinduredby~interadicssareincluded. 

A. HxirmDose.FhedTarget,. 

Figs. l-3 present cu-kcur plots of star density fur 5 ,lO 
and20 TeVprotcms incident an a solid (i.e., lmqweaw> carbon cylin- 
der.Fig.4shvusradially integrated star densities asafmctimof 
depth 0 andfig. 5la1gitudinally integratedstardemities asafmc- 
ticnofradius W, also for carhcm and fcuthesameincidentproti 
energies.Figs.5-lOrepeat this sequence of graphs forcmaeteand 
simlt.z~~~~ly, viathe scaling of Sec. III, for soil. Figs. ii-13 are 
iso-doseploteforthecma-et&soil case,obtaimdfrcmthesamca.lcu- 
latimsasthestardmsitiesht comrertedto&se-equivalentbyafac- 
torwhichdependsm particle type and uanmtum. Figs. 14-28 shawstar 
densityresult,e for al-, Iraq and lead. Forallcasasthebemis 
paral.leltotheqlir&u axis aml haziaGaussiandistri~im~- 
dently in x and y with ux=u,=l lm. 

Fige.~33dealwitbradioactivity~edinsoiloutside 
thicktargets. Fig. 29plotaccntmrs of eqatotal starprcducticmin 
soilouteideanircnblock by 20 TeVgn-otawincidentmaxis.Fcaward 
andlm&warddkecticrur are sbmn separately. Notethatthef3eresults 
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pertain to a blcck, not a cylinder as for the star densities, with X(T) 
indicatingthehalfwidthof the block. As canbeseeninfig. 29all 
is-star ccmtours quickly assume their asyqtotic formparallelto thex 
3rd z axes. 'Ihis is eqected since little can be gained by adding ta the 
sides when escape is predminantly frm the back 2nd vice versa. Since 
notmch hforrcaticnis ccmtained in the "comers" of the ccmtours, the 
rest of the plots, figs. X-33, shcw mlythelocaticmof the a.synptotes 
as afunctionof xor z. Thus fig. 30 exhibits the totalnunker of stars 
producedoutsidean infinitely wide, semi-infinitely lcmgircmblock, 
i.e., the block has finite length in either the positive 01 negative z- 
db-ectim. Fig. 31plotsthe totalmmdmrof stars~edoutsideof an 
infinitelylmgira~targetwhich islikewiseinfinitelywideforeitier 
z~orz~Obuthasfinit.ewidth intheotherhalf-space.Figs.32and33 
aretheccmespmdinggraphsfor ccnaete/soil.Resultsfor z<Oareless 
wellestablishedandconssnative interpre~ticn isadvised.Thesefig 
ures may be useful as skuting values in, e.g., optimizing the outer 
dimwsi-ofabeam dup. Althcq& the stardensitycantmrscmtain 
essentially the sam timtim, the resultspresentedinfigs.2+33 
are~ecanvenienttouseasaellas~~bermreac~ate,eape 
ciallyatlargex ar z. lkis is a resultofadifferentldm~lo 
stirategy6q.hyed:(1)inca&nltkg the llmbsr ofstarsinsoildueto 
esc3p3esths "8caenaesoA.ated with each such escapee is theaverage 
tdalrmmber instars, anurbr mtsubjecttofluctuatim, and 0 col- 
lisimlengtAbiashgisinh-cduced to msurethattypesandspectraof 
theescapeesaresufficie&ly sanpled. This strategycanbeadaptedto 

D targetaaswellastomreca@exgeam5tries. 

Figs. 34-58 shcweraengy density cc~tmr plots akmgwith 
radiallyandla@~y integrated energy densities fort&same 
skmdanicmea as slnwnfort&e star densities. These results enphatical- 
lyexcludet&eregimcla3eta the beemtrajectcaywheremrecaremst 
be takenin evaluating the emrgydepmitia~ 
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Calculations of thehadrcmdoeeresultingfrancatastropbic 
beamloss appear infigs. 5S-72. Calculations of annre specializedna- 
tare such 2s these are mre useful, by virtue of anrxe reaksticgeaw- 
ix-y, butatthe samstimslessuseful since they are influencedbydesign 
changes 2nd since sans siuplificaticn in nrzdelling beam loss, accelerator 
geometry and magnetic fields is inevitdsle. Two -tries are included 
here: <i> acontinwus, circularly curved dipole represented by a YLS" 
ntzgnetand (ii> almotickbeaqipe in a straightsecticm, each enclo- 
sed in al.2 m radius (respectively curved and straighti tunnel. Beam- 
pipe, mqnetardkmnelare assured tobe concentric. lXe ccmpositimof 
the tunnelwall is assumedtobe wet soil. Because themainobjectiveis 

todeterminetbswal.l~~sneededfar~ti~fmuca~c 
beamloss, the star density is evaluatedinthe tunnelw2J.l caiiy. 

Iksigndrawiqsof the aoes-secticn ofthedipolealcmg 
withasketchofitsrepresentati~ intheprogramare&nuninfig.73. 
An ideal mqnetic field is assunxl present in the gap. In all cases of 
thi.sstudythecentzalfield is taken tobe~~lhis~that 
fora~tinucus dipole case (the only type cawideredherewh~ afield 
ispmssnti theringradius is adjustedfor differentbesm~ti. Out- 
side the gap the field is obtained by interpolati~franarrays of its x 
andycaqawntaqecifiedanarectx&ar gridwitiO.25inchspacings 
,2oveag tile ntqnet acea-sectial?= Also for thedipolecasethreebeam 
1ossnxAes areFated: 0 beamlass aninsideof tbebeaqipe, i.e., 
t.NUdStbeCenteaOftbering, 0 beamloss ancutside snd (iii> mid- 
dle. Ihe lattermaybe tkghtof as resulting, e.g. franbeanrgas inter 
adion.IneachmDdetbabeamisas~tointeract~aciselyat~and 
tithieSdWz&icntangentialtothe curvingnragnet.Forinsidesndout- 
sidebeamlcesthe beam is of infinitesimal extentinthehariz~~ 
direction andhas aGaussian quead of O.Olcmx&kally. Fa beamloss 
inthemiddlethebeam is asswmdtobe( mmrrelat.d bi-Gaussiantith 
U~=u,=O.Ol all. 

Toobtaiutheazinuthaldepenkxeofthestardensitythe 
Ot.orrange(the problem is synmatric akutthemidplane)isdivided 
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intothreebins:Ot.o~/4. r/4 to 3r/4, and 3n/4 to r. Not lmwpectedly 
the aztithal dependence is small enough tobe ignored since the dose in 
the tamnelwallis neutron daninated. lhe 2 tis for allcasesis the 
distance along the central orbit of the accelerator. Results for 10 TeV 
arenotshwnsincetiese are easilyobtainedby interpolatimfranthe 5 
andx)TeVgrqhs. The interesting second bmp appearing for the caSe of 
inside beamlcasis due to particles crossing the apsrtmehich is gee- 
metricallyfavoredinthis case. lke locaticm of the peak is roughly 
where the tangent ta the inside of the beampips at ths interacticmpoint 
metsthebean@.pecaxe again on the out&de, wbichiswhereneutial 
secmdariesare5pectedtoland. 

Figs.74and75shouthelinear stat-deusityintheairof 
thet.Ul-mel,WllichsEEUIl& respectively alllagnetand abarebeampipe, as 
afmctimofdistaucefranthe pointofiuteracticm.Thissexvesasan 
estimteofairactivatim resulting franbeamloss.Forthebeaqipe 
cwethedosecalculatedinthe backmrddh-ectianismtshcmsinceit 
iskothvqsmal.laxbdveryuncertain. 

B. l&n Dose. Fixed Target. 

Thefirstsetoffigures surveysamresultscmnuanpene- 
trationinsoil.Forall. cases a mayreaergetic, p3rallelnumbeamof 
tiinitesimalextentisi.ncidentcma harqgmDsoiltaq8tofinfmte 
extent. lhe incident euer@es rage fran 1OGeVtoZOTeV. Figs.7683 
slmutb3di.stri~~inzwhere the my308 ccmstorestwwell.wt& 
rmqu&ofthemrmbeamas itpeuetratesintothesoil.lheseEgaphs 
il.lustratesMkinglyths qualitative changesoccurringwithincreasing 
energyintheslowing&mpnxessofthenuns.Att&elcmar~es 
~ecolliaicnloeseearest~dnnin;yltthedistribvticniswe~~ 
scribed by a range plus a ska&ing tail W<z>~.o70 at 10 Gsv>. At the 
highar~~eslnherepeir~~,~~~~anlnuclearinelas- 
tic scatteringare zmre inpcatant'th distirihtim resmblesataoad 
Gaussian (o/<z>=1).29 at 20 TeW. Figs. 84-87displaythexdistrihtim 
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of mms caningtorest. Figs. 88-91are scatter plots sawing the dmsi- 
tyof stappedmms as a function of radius anddepth. Figs. 92-95 are 
contour plots of the energy depositian density as a functim of r and z. 
For mallr andz these results arenotwell resolved. Figs. S6-93dis- 
playthelinear energydensityas a functianof z alcmgwithabreakdmn 
ofmonenergydepxiticmneclmum. 

Figs.1~104pertain to mms generated by thehadrm 
cascade when a nmwemqetic hadron beam enters a haqmems soil tar- 
get. While this has few Mate applicatims it may be of interest as a 
limitingcwe,sincethe presence of anyvoidswillgeaerallyinorease 
the malflux. Also, withat geumtric or othrca@ications,itniay 
serve a6 a test case, e.g., inccnparisonwithothercalculaticms. 

Mca-e~calfixedtarget rmxnproblexasareaddressedin 
figs. 105-141. Mmdoeefran catastrophic beam loas cnabeanpipe is 
showninfigs.1~108.Thegeamtryis the sameasforthehadrmcase 
kut,kecauseofthedeeppearetrati~bythemfms,thetumellengthmst 
Iumbemsde~~citandischosw.toBctadl~nbeycndtheinteracticn 
point.l%isisoftheorder of thelengthofaswaightsedicnccmtenr 
plated far the SC?' 

Ihermahingfigresinthis eetdealwithnucmdosefran 
catadxqhic loss inacmtinuxla dipole. Againtheggmetry a&magnetic 
fielddescripti~areidentical to the h&t-cm case.?be~esweofa 
magnetic field ala?g with the large dietanc es hvolvedaZldtllecurved 

gecmetry~e~tiiguity in the choice ofreferencefrsm3to 
analyzethisproblem. Thereare two ciwiw3cPmices: 0 a%eamfame" 
inwbichthezaAsis tmgential totheacceleratar~tiCii)a"~t 
frsmemwhexezisreplaced by s. thedislxxealagthe central orbit. 
~~ingtbeaamecalculaeionsepaatelyineachframeisnotnecessari- 
lyanc@malpmtxdurehtit &culd~eanove.rvieuoftheprcblm 
franwhi&rmredetailedcalculatia4scanthendepart. 
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'Iheteamlosstieisidealized as inthehadrcmdose cal- 
culations with the same distinctian of losses cm the inside, outside and 
middleofthebesqipe. In cc&rast to tile hs&oncssethemuondme 
rates shuuamarked azinuthal dependence. An exhaustive treatment is not 
attempted, butfigs. lC9-141present an overviewaswell as Qqefully) 
the mare interesting caees. Note also that resultsfcxteamframeand 
maepet frame overlap tosans extentatmallz or 6. h@etframe results 
are~v131CPilYf~theaz~~~~ttotheiasideoftheringsince 
(ilnucad0sei.n the outside quadrant is betteranalyzedinthebeam 
frame and (ii> rnxms can travel large distances by "chamelling, i.e., 
baimgrepeatedlyreflectedbbemue@~taperb~e andretumfield. Fran 
the latter viewp3int pcsitive ubxms are sawwhat uore interesting than 
negativesbyvirtueof 0 having theprqer guidefieldcaientaticmin 
~aperture~ethereis~ePMgylossandWbeingproducedin 
sa0mhatlargermB&erSbyprotalinducedcasc&es,particularlytheme 
enexgetic mam. Since positives reflect off the insideof themagnet 
theyarempectedtoleavethetmnelinth3td.irectiab 

Lmgitudimllyin~ted~density plots inthebeam 
framehavescmcukributicnat radii lesst&uthetumelradiuswhich 
is mitthinthe figures for lackof siqle inteqn-etatim, anaccomt 
ofthecurvedgecoletry,andbecausethisregianiseasierto~~ein 
the~tfram3,lbisalaoappliesj~outsidethet;unnelwall. 

c. col.lidingBe6ms. Badrulowe. 

Theidealizedgem&qofacollisicnballusedinthepre- 

sentcalculatiiaoe is shxn in Fig. 142. Dimmsicns arermghlytkcee 
giveninraf.26.Alm t&L& beau&e runathra@thecenterofthe 
hall.lhepwtun3arewsuredto collide atthechginand*esec- 
a&briesaccmdingtothemdeJof Sec.II.Iheaeparticlesintum 
interactui~~l.eiiatbs~ipe andwall.saccardingtotheextexW 
Hsge&m-Ranftmxlel.InatMiti~to thewualazimthalsymetrythere 
isalf3oreflectdaxsym6trydmut the verticalcenterline.Thi.sisar 
ploit.edinthecalculatiau3 andalso inthegwsentatia~of theresult~, 
whichcoverdyhalfof t&e intenctim regia. Thismstbebornein 
mind when integatdng resulta over the entire regiab 
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Redts are given separately for the sidewall and for the 
-wall of the cylirhical hallinfigs. 143-150. 'Ihisgsa~~tryprovi- 
des a %xst case" since the hall willtypicallyhouse sass apparatus, 
e.g., a large detecti, which provides sigificant shielding. Figs. 151- 
154 showresulte for another extreme: abeampipe surrmmdedcanpletelyby 
soil. 'hese results plus sam interpolation and extrqolaticn could prw 
vi& auseful startingpointfur auvre realistic calculati~. 

D. cOl.lidingBearns. bhe. 

lka&ee calculati~ fran colliding beam3 sources are 
primarilyccncernedwitb the deeply penetratingnucm.9 travellingalcmg 
the coll.bicnaxis. Therelevantgeawtry istbatof the accelerator near 
the interacti~regi~ &it straglyinfluences therelative w- 
ce of decay versus Fcrmpt-* sincetbisislargelyde~bythe 
distancetraversedthmughvoidsbyr andK~edintheco1lisicn.A 
realisticcalculati~tidtrace the pra3ucedparbiclestim~~&area- 
su&leidealizati~of the accelerator ccmpcnants tit&us caqute for 
each parbicle of the saqle its appqriate decay@x+bility into a 
raxn,aswellwkeep W6ck of scattering a&~yrmgneticbendhgof 
bothprcducedparticleadresultiag mxn. Suchanundebkqis~- 

bly wxrantedwhenthedeaignof themachine is sufficientiy frozen. Here 
anuchcnxIerapEnoachistakextheinteracti~i.sassw2dtotakeplace 
inavoid at a fixed distance fruu aswi-inftitelnqmeowmil 

shieldinwhichthermDcl energy depositicmisanal~ed.'hedistanceto 
t&emilsbieldistalom to be respsctively20m,1ODmand250m.lhe 
20mand100mrepr~thedistance t.otheke@mingaadendofthe 
stnmglyfccussing~lesnearthe interacti~regicn~esamof 
the~randKare eqxcted toleavetheaperture.The25Omcur- 
respadsro@lytoth8distaxe at which tAetmbeamsre-mt.ertheir 
sqxxate aperture~?~ Tl18maincbjedive hereismttonoaloe qus&itative 
predictifxu3fartheSSC but rather to explore V~3questi~ofpr~t 
versusdecaymvna for arsascaablemof decay lengths. Fig. 155-175 
skwresul~for the panstrat;ing m. Theradiallyirhgratedplots 
alsocaktainalxeakkm onthemwnpxducti~~. 
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The final set of gnphs pertaintomcm dose inthe vicin- 
ity of the collision hall. lie particle prcductim mdel indicates that, 
inanaverage event, alarge number of softhadrms are emitted. Acccmi- 
pwyingthesehadnmw~ saremonsof canparable energies tobe 
Fesent, remltingbothfraa pfcnpt anddecaymechanisns. The different 
chars&erofhadrcnandmxmakmqticmpx3es thequesticnastowhich 
caqamh W the shield thickness. It appezs that for the side 
walls(figs.176Md177)Memmdase~~beccmescanparabletothe 
hadnmdose ataromd2nof soil for the regicmnearestto the colliding 
beam.Atthefarmdof the ballthisequi~ethicknessisatout4m. 
Fen- thetackwall (fig. 176) the hadr~dosedahates cwpletely. l'he 
collisicnhallgecmetryisthesarm asusedtocalculatehadrmdose.To 
obtainmeanhgfUlremltsinreasa2able executimtimestheselecti~of 
hadmwandFncmptma18in the colliding bemsmstbehezwi.lybiased 
tmards thee with large PT. 

lhthel.ightoftheseresultsandofthemcerWntyofthe 
prcductimmodel. especiallyfcu num6, the sidewall calculaticmmi&t 
bemxthrepeatkgwithd3fferentsets of~suqkicmsasa&eckmsen- 
sitivity of this result to the miel. Jkkdher lmc-ty zikxntt this 
~lanisgeanekical:to find a reasamblysi@egea&xytichap- 
pdmabsa%orstcasemfranthe mm shieldingpointofview. Ithas 
befmascertainedbywparat.e cdculatiw htexplicitlyinclwiedhere) 
thatth8remvalof the imm beam&m changestheresultsvmylittle, 
i.e., thebeanpipe'seffectas an ~berofmrpsrmghlyccnpensates 
foritieffectasasourceofnew mms.Tbisisnotclearaga-iori. and 
itisalmncrtclearthat this will cakinuetoholdasthebeau&e's 
tlkknew is haeased, e.g., to simlate the presence of other 

apparatus. 
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v. - 

Asmenticnedhthehtrcductian thebasic~ogramusedin 
thismrkis CASIbi supplemented by AEGIS for electmxmgnetic shcmers, by 
the qdricalparticleprc&cticnucdel for collidingbeams arxibymm 
producti~andtr~.Togenerate thevariousresultsCASlMwascsst 
intiseveraldiffsreut versions. me differences bsteeenany~rmch 
versicmsnot~yreflectthepresence @r&eence) ofcollidingbeamcu 
nn.xnbeams5nwl.atiwtialso includedifferentgeunstries,presenceof 
magneticfieldssswell as bhning, namalizatia md@ntingofthe 
results. Thismiusopexadi, viea-vis the obviw alternative of cacr 
biningeverytXngintoooe~with nultiplecptims,istheresult 
of both necessity and cawmimce. A single~alternativewculd 
easilyexreedtbs~1oOKweodlimitat~~oftbeFermilab~~ 
Dqrhent&eremstoftlmdevelqmsntanddetu&ngwasdme.Act.usJ 
nnmingta3kplaceaInmtex~lusivelymtheFRiof theAcceleratc~Divi- 
simwhere storsge is mare thm sufficient htwhere tam~-anx~&fcu 
sImrtdehggingnmsmightaeateapr&lem. 

Anyofthevaiousversiw isavailablebycakactingax 
oftheFeJXdlhE&UthXS.Ibs~ areallinFCW.RANVanda-retested 
cnbathcyBER6axI WAXeyivalentJ FPS ccnplters. Mo6tneedworucue 
extra files (e.g., w tables>aswellsaadatafi.le.Theccdes 
arenotnecessarily~friendly"butallcalTyanin~de 
saipti~qecifyingwherethemajor&sngesfmnthestandardcAslM 
occurand~~filw~erefarredtobytbainogram.AllBuchfilesas 
mllaa saqledatafilea =e Ukesiseava.ilable. lhiswork, especially 
thegra@,mayserww a "nwraP of what isavail&leasasuitable 
start&gpointfcafiptber~loratitn. 
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cAsmVERs10NsFcRSsc-INGmm 

A. FixedTarget. HadrmDose 

cAs2. standard CKM Ca+tes star densities, rem dose and (at 
large radii cmly) energg~itim. 

csx7. 

CAIR. 

Caf3&ro+ckeamlossinc4Aucusdipolepl.acedina 
<curved) turmlurofbeanpipeinstraigfrts&i~. 

star defmity inair of taxmelfcu cats&zqbic beamloss 
incudmxu di~learbempips instraieftsectia~ 

B. FixsdTarget.MunDwe 

wp3. 

CWN. 

Qss. 

btualbeamininfini.te. haqmeam soil. Requires 
pdrqe, e.g., KICMA a BBOX. 

bfums francatasWqhicbs2,mlc6s inccntimxu dipole. 

~f~Catastrqbicbesmlossinstrai&tsecticm. 

c. cTdl.idingBeau6. rb3ralDose 

IRIS. col.lj.aial hall try. Calculatesstardwsityaren 
dcee in sids orbackwall. 

IRm. C+li~~invoid.Vari.ati~ofdecayspaceis 

iGldrcnca8cadw . 
llbt.edby~~leal.l.Includeflcal~hlti~of 

tmn. I3i&p,rmnnsincollisicnhallgearetzy. 

ccmmmicatiwabout bugs, irlpmmmt.a, nworuuusual 
applicatiw, etc., with reference ta the above ccdesuillalwaysbe 
greatly appreciated. 
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